We present a real-time approach for stabilizing a III-V/Si hybrid external-cavity laser implemented using microring monitoring and a feedback control loop. Laser mode stabilization over bias current and stage temperature variations are experimentally demonstrated. We achieved single-mode and mode-hop-free laser operation as the bias current was swept across 320 mA. The same feedback control also enabled wavelength-locked laser operation using an intracavity phase control. The feedback control was also applied to an integrated on-chip hybrid laser, and mode-hop-free laser operation was demonstrated over 23°C substrate temperature variation.
Introduction
Escalating demand for higher bandwidth and lower latency in the telecom and datacom industries necessitates optical interconnects, which are replacing shorter electrical links. Among various optical interconnect platforms, silicon photonics has emerged as a high-performance and commercially viable solution by leveraging the mature complementary metal-oxide semiconductor (CMOS) technology. Currently, various silicon photonics platform have become available in multiple commercial and research CMOS foundries. These efforts have paved the way toward cost-effective volume production.
One of the key components for a complete silicon photonics platform, an efficient laser, has not been realized on Si monolithically, and therefore, significant efforts have been made to develop on-chip laser sources by III-V/Si hybrid integration for small foot-print and low energy consumption. Several groups have demonstrated integration of individual III-V and silicon-on-insulator (SOI) chip through a direct facet coupling either by edge-to-edge or vertical configuration [1] - [6] . Waferbonded heterogeneous III-V/Si integration with a relaxed optical alignment precision has also been demonstrated followed by wafer-level processing [7] - [9] . Power-efficient laser operation is one of the key metrics for practical use of this kind of lasers since the light source dominates the energy per bit for an optical link. Recent analyses for silicon photonics link power budget clearly highlight a need for energy-efficient light sources in the range of 10-20% to achieve sub-pJ/bit for >20 Gbps links [10] , [11] . Recently reported hybrid lasers have demonstrated more than 10% wallplug-efficiency in both the O [9] and C-bands [4] , which represent significant progresses towards realizing sub-pJ/bit silicon photonic links. Laser wavelength tunability is another critical feature especially for WDM based multi-channel operations. Thermally tunable lasers using a single and dual-ring micro-heaters have been implemented to achieve a large tuning range [4] , [12] with dramatic improvement in the wavelength tuning efficiency demonstrated using a substrate undercut technology [5] . Another important pre-requisite for laser deployment in practical systems is stable and low-noise performance. For high-speed data communication system, a power fluctuation or a sudden wavelength shift is often accompanied by mode-hopping and could result in significant symbol errors to a data link.
Mode-hopping is an undesirable phenomenon in laser operation mainly caused by the misalignment between the lasing cavity mode and the laser wavelength filter. Especially in the case of III-V/Si hybrid laser, the mismatch of thermo-optic coefficients in two heterogeneous materials could exacerbate mode-hopping in a thermally volatile environment. Therefore, a hybrid laser needs to be equipped with a stabilizing mechanism to ensure stable and low relative intensity noise (RIN) operation for practical use in a commercial system. In high-speed datacom applications, where module temperature control using TEC is not favored for energy efficiency consideration, it is important to maintain mode-hop-free operation over changes in various external conditions such as bias current or ambient temperature. Mode-hop-free lasers typically incorporate a movable wavelength selective component such as a rotatable grating inside the cavity to compensate for the grating angle change by a cavity length modulation, such as the well-known Littrow and Littman-Metcalf configurations. However, these movable and rotatable components are bulky and also based on inherently slow mechanical actuation not suitable for an integrated on-chip laser configuration. Therefore, integrated and low-power wavelength stabilization is highly desirable for an on-chip hybrid laser.
In this paper, we demonstrate a real-time laser stabilization technique compatible with on-chip III-V/Si hybrid lasers. The micro-ring resonator in SOI circuit is being used as both a wavelength-selective filter and a mode-alignment monitoring element. By monitoring the micro-ring and incorporating a simple feedback control loop [4] , we successfully locked the micro-ring resonance to a drifting cavity mode and achieved mode-hop-free operation with a large laser-bias range and temperature range.
Micro-Ring Based Hybrid Laser and its Feedback Control

III-V/Si Hybrid External-Cavity Laser Configuration
A hybrid external-cavity was built by edge-coupling of a III-V RSOA chip and to an SOI ring reflector chip with a spot-size converter (SSC) for mode matching. A schematic of the resulting laser cavity is shown in Fig. 1 and the details of fabrication and device dimensions can be found in [4] . The RSOA chip is based on InGaAsP ridge waveguide multi-quantum-well structure. A micro-ring reflector with a radius of 5 μm was implemented as a wavelength-selective filter for single mode operation with provisions for efficient wavelength tunability using an integrated metal-heater. Laser outputs were tapped through a waveguide directional coupler in the cavity. To minimize undesired backreflection, all input/output ports of the SOI chip adopted angled SiNx SSCs with anti-reflection coatings. Micro-ring reflector bandwidth was designed to ensure single-mode lasing operation with sufficient side-mode suppression. The micro-ring resonance was designed to achieve a bandwidth of 0.6 nm (FWHM) resulting in a Q of 2500 so that neighboring cavity modes (0.24 nm away) were suppressed by 3 dB or more. An SSC reference loop was built on the same SOI chip to accurately calibrate coupling losses. 
Micro-Ring Resonator as a Sensitive Laser Monitoring Element
The high wavelength sensitivity of a micro-ring filter can be utilized as a sensible feedback mechanism for precise control of the micro-ring resonance. Micro-ring monitoring and feedback control has been previously demonstrated to achieve stable micro-ring modulator operation [13] , [14] . In this work, we use a real-time micro-ring reflector through-port monitoring and feedback control in III-V/Si hybrid laser system to prevent mode hopping and stabilize laser performance against external perturbations. In our SOI micro-ring reflector configuration as shown in Fig. 1 , either one of the two through ports from the micro-ring resonator can be used as a monitoring port to discern the status of cavity mode to the ring resonance alignment and laser operation condition. As illustrated in Fig. 2(a) , the lasing cavity mode and ring resonance should be perfectly aligned to each other for the most efficient operation so that maximum amount of light is reflected back to the cavity and leakage through the ring thru-ports (monitoring ports) is minimized. However, when the lasing cavity mode experiences a drift due to external disturbances (mostly thermal variation), it results in a walk-off between the cavity mode and the ring resonance wavelength as illustrated in Fig. 2(b) . Such walk-off reduces the optical feedback inside the cavity and therefore, more light escapes through the monitoring ports and the overall laser performance is degraded. Therefore, the amount of optical power at the monitoring port would immediately and accurately indicate how well the laser is optimized, which enables implementation of a feedback control loop with a simple algorithm. The feedback control loop only needs to adjust the micro-heater to maintain the monitoring output port's power at its minimum. To investigate the relation between the micro-heater control and the ring monitoring port response, we measured the optical power at the monitoring port by sweeping the micro-heater's electrical tuning power at various laser bias currents. We swept the micro-heater within the 1-V range, which kept the ring resonance shift under one laser cavity free spectral range (FSR) (∼0.24 nm) at each laser bias current, as shown in Fig. 3(a) . Each parabolic curve represents the monitoring port response corresponding to the micro-heater sweep at a given laser bias current. There is a readily identifiable local minimum with more than 5dB suppression within the micro-heater sweep range. This minimum set-point corresponds to the optimum laser operating condition where the cavity mode and ring's center wavelength are aligned. The micro-heater's set-points for each laser bias are plotted in Fig. 3(b) and it shows that the set-point was initially decreased (a blue-shift in wavelength) due to the index increase in the RSOA chip by the initial carrier injection. When the laser bias exceeded more than 70 mA, the micro-heater set-points monotonically increased (a red-shift in wavelength) which was attributed to cavity mode red-shift by dominant self-heating effect. This observation confirms that by monitoring the ring thru-port, it is possible to keep the ring resonance center wavelength aligned with the drifting laser cavity mode to prevent eventual mode hopping from occurring. Another advantage of this method is that it requires no laser output tapping for monitoring, which many commercial lasers require for stabilization. Therefore, the proposed monitoring mechanism has no detrimental impact on the laser efficiency.
Feedback Control Algorithm and Implementation on Micro-Controller
Based on the analysis in previous section, we developed a feedback control algorithm and implemented it on a microcontroller. The feedback control setup is schematically shown in Fig. 4(a) . The monitoring port power was measured using an external photodetector and its analog output voltage fed to the analog-to-digital-converter (ADC) in the microcontroller. A programmable System-on-Chip (PSoC3) from Cypress Semiconductor was used for the experiment. The controller applies voltage to the ring-heater through DAC. The feedback algorithm is based on the Bang-Bang control algorithm and it comprises four steps, as diagramed in Fig. 4(b) : measure baseline, apply incremental heater voltage, evaluate error signal response, and update heater voltage. After measuring the baseline error signal, a positive or negative increment of 0.16 V is applied to the heater through DAC. Once the heater has settled, the error signal is measured again and compared against the baseline. The sign of the heater increment for the next loop cycle is either inverted if the error signal has increased or maintained if decreased. The dithering frequency was 1 kHz, which allows sufficient settling time for the micro-heater and still fast enough to respond to ambient temperature variation. The loop eventually settles into a locked state, alternating between positive and negative increment. This feedback controller can be ported seamlessly to CMOS ASIC as we have successfully demonstrated similar control scheme fully integrated on silicon with TIA, comparator, accumulator, and DAC for ring modulator wavelength control with only 0.2 mW in power [14] .
Demonstration of Mode-Stabilized Laser Operation by Feedback Control
Hybrid Laser Stabilization by Micro-Ring Feedback Control
The feedback control was applied to the hybrid III-V/Si external cavity laser described in Section 2.1. The laser operated in a single mode in C-band uncooled with continuous-wave (CW) condition. We swept the laser bias current of the hybrid laser from just below threshold to 320 mA and measured L-I curve and spectrum simultaneously. The laser threshold current was 55 mA and the output power reached ∼6 mW at bias current of 300 mA. The measured laser linewidth was 50 kHz by using self-homodyne detection method and RIN was <−140 dB/Hz up to 22 GHz. Without feedback control, the L-I curve shows kinks at bias current of 130 mA and 275 mA as the red curve shown in Fig. 5(a) , which is a clear indication of mode hopping. In the laser spectrum plot (see Fig. 5(b) ), the mode hopping is clearly visible as the laser mode hops to the next cavity mode at the same bias current. With the feedback control on, we re-took the L-I data and the laser spectrum. The results clearly demonstrate that the feedback loop successfully suppressed the kinks in L-I and the laser operated at the same cavity mode during the bias current sweep without any mode hopping. Over 320 mA of the bias current sweep, the cavity mode red-shifted approximately 1nm by self-heating effect and the feedback-controlled ring successfully followed this drift. These results confirm that the feedback control loop can effectively lock the ring resonance to the cavity mode and achieve mode-hop-free operation successfully over bias current variations. In addition, since the feedback loop constantly optimizes the ring resonance alignment in real-time, it enables the laser to operate in optimum condition at all times. As seen in the L-I curve comparison, the feedback improved output power over the entire bias current sweep, especially near potential mode-hopping regions. Fig. 6 . Laser spectrum during the bias sweep for the hybrid laser stabilization by using a phase control section as a control component. The laser wavelength was maintained over the bias sweep while the feedback control is active. Upper left photograph shows a phase control section and micro-ring on SOI circuit. Fig. 7 . Laser spectrum of the integrated hybrid external-cavity laser under a stage temperature sweep. The laser wavelength was 1527 nm at 15°C and drifted continuously across a given temperature range without mode hopping until reaching 38°C. After 38°C, the lasing mode hopped to the next neighbor ring resonance mode (not shown in this spectrum plot). (Inset) Integrated hybrid external-cavity laser in this experiment.
Phase Section Feedback Control for Wavelength-Locking
A phase control section was also implemented inside the SOI reflector to provide complete control over the laser cavity, and the same feedback control was applied to the phase tuner to further stabilize the hybrid laser. A thermally tunable phase section was realized by a micro metal-heater on top of a 500 μm long straight waveguide section. In this demonstration, the ring heater feedback control was turned off and kept at a constant temperature to ensure a constant ring resonant wavelength. Based on the same feedback algorithm, the pre-biased phase tuner is controlled to compensate the current/temperature induced cavity phase change and therefore, enables a wavelength-locked laser operation. As shown in the measured spectrum in Fig. 6 , it achieved mode-hop-free operation during the bias sweep up to 300 mA. In addition, the laser maintained its operating wavelength at 1557 nm from 80 mA to 300 mA, proving the effectiveness of the feedback loop to lock the cavity mode to the constant ring resonance. There was a slight blue shift of the laser wavelength (∼70 pm) during the bias sweep, which is likely to be due to the thermal crosstalk between the phase section and the ring resonator. We believe it can be further suppressed by proper thermal isolation. Closed-loop laser cavity phase control could be useful when a stable and fixed-wavelength laser operation is required, such as for multi-channel WDM light sources.
Integrated Hybrid Laser Stabilization Over Temperature
Using a non-invasive back-end-of-the-line (BEOL) integration, we recently demonstrated a manufacturable III-V/Si hybrid external-cavity laser [15] . The integrated hybrid laser was built using a SOI reflector and a multi-channel RSOA chip similar to the ones used in previous sections flip-chip bonded onto a Si interposer micro-machined for accurate vertical alignment (see the inset in Fig. 7) . During the experimental demonstration, the integrated hybrid laser was placed on a TEC controlled stage and the stage temperature was swept from 15°C to 40°C with the feedback control loop active. The laser spectrum was collected over the temperature sweep at a constant bias current of 60 mA, and the results are shown in Fig. 7 . The laser wavelength was 1527.5 nm at 15°C and then continuously red-shifted as the stage temperature was elevated at a rate of 0.095 nm/°C. Mode-hop-free operation was achieved for temperature elevation from 15°C to 38°C enabled by the feedback control. When the temperature was elevated beyond 38°C, we observed mode hopping to another cavity mode one ring FSR away (19 nm apart, not shown in the graph), which cannot be stabilized by the feedback control. This is because temperature induced RSOA gain peak wavelength red-shifts at a rate of 0.5 ∼ 0.8 nm/°C [16] which is much faster than the cavity mode drift. With sufficient temperature change, the gain peak shifts far enough to favor an adjacent ring resonance one FSR away, which is 19 nm for our 5-μm radius ring. This ring resonance hop can be prevented by using a wide FSR ring reflector such as a dual-ring configuration using the vernier effect or additional cavity filter. Nevertheless, this demonstration validates the capability of the feedback control loop for stabilizing the hybrid laser over external temperature variation, which is an important feature for an integrated tunable CMOS-photonic light source.
Conclusion
We demonstrated a simple, real-time laser stabilization technique for a hybrid external-cavity laser by monitoring and minimizing the micro-ring reflector through-port power. Mode-hop-free laser operation was achieved by closed-loop feedback control on both micro-ring resonator and cavity phase tuner for the first time. Lasing wavelength was successfully locked to a cavity mode by micro-ring monitoring and feedback control across a bias current sweep of 320 mA. The feedback control was applied to an integrated hybrid laser and mode-hop-free operation was successfully demonstrated over a 23°C substrate temperature variation. This feedback control loop can be implemented with ultra-low power dissipation in CMOS and co-integrated with the hybrid laser to realize a fully-integrated on-chip laser source for future silicon photonic interconnects.
